ABSTRACT Finite-state model predictive control (FS-MPC) is computationally expensive, as it uses all voltage vectors available for prediction and estimation. This paper proposes a novel finite-state model-based predictive current control (MPCC) scheme to overcome the drawbacks of FS-MPC. A reference frame based on the prediction of the current locus when a zero-voltage vector is employed is established to reduce the computational requirements; specifically, only one zero-voltage vector must be predicted compared with the seven required in conventional FS-MPC. The selection of the optimal voltage vector is based on the direction of the current locus in the established reference frame instead of a cost function, which is necessary and time consuming in conventional FS-MPC. Zero-voltage vectors are also selected by contrasting the distance between the reference and predictive currents to reduce the torque ripple of the proposed method. Simulation and experimental results are presented and confirm the efficient performance of the proposed MPCC.
I. INTRODUCTION
During the last decade, model predictive control (MPC) has received increasing attention from the research community, and its feasibility has been demonstrated for a wide range of applications in power converters and drives [1] .
Studies have proposed methods to utilize MPC in electrical drives, and each method has its own advantages. These contributions can be classified into generalized predictive control (GPC) and finite-state MPC (FS-MPC) [2] - [4] . GPC methods require a modulator in the system design [5] , [6] . FS-MPC considers the discrete nature of the power converters, with no requirement for individual pulse width modulation (PWM) blocks, and specifies the optimum voltage vector using the discrete-time model of the system based on the minimization of a cost function [7] , [8] . The behaviour of a motor is estimated for every valid switching state of the inverter based on predictions obtained from the discrete-time model of the machine. The optimal switching state that minimizes the cost function is selected in the next time interval [9] . FS-MPC applications have been explored in power electronics systems because of the numerous advantages of FS-MPC, such as its fast transient response, simple implementation, and straightforward handling of nonlinearities and constraints [10] . However, FS-MPC algorithms require high computation performance, and a high speed of the digital signal processor (DSP) [11] , [12] .
To achieve high-performance torque control, usually torque and stator flux are selected as the control variables and the corresponding FS-MPC is called model-predictive torque control (MPTC) [13] , [14] . As torque and stator flux have different units, when combining both torque error and flux error into one single cost function, special care has to be taken on the weighting factor of stator flux, which requires some tuning work [15] .
A more natural selection of control variable is stator current, and the corresponding FS-MPC is called MPCC [16] , [17] . Currently, MPCC for Permanent Magnet Synchronous Motors (PMSM) drives has been widely recognized as a high-performance control strategy with quick response and simple principle. Compared to MPTC, MPCC is much simpler because the control variable is current and it can be directly measured [18] , [19] . Furthermore, the tuning work for a weighting factor in MPTC is eliminated in MPCC.
FS-MPC is computationally expensive, as it uses all voltage vectors available from a power converter for prediction and actuation [20] . The computation burden increases rapidly with the number of voltage vectors and objectives to be controlled [21] . Considering the position of the stator flux and sign of torque deviation, Bolognani et al. [22] proposed a simplified predictive torque control model based on a new direct torque control (DTC) switching table to reduce the number of voltage vectors to be predicted. Yoon et al. [23] greatly reduced the computation load of FS-MPC while maintaining the same control performance using an equivalent transformation and specialized sector distribution method. Using sector information of the reference voltage vector, Inoue et al. [24] only required a subset of all of the available voltage vectors for prediction and optimization. The computational effort was greatly reduced, and the steadystate performance and dynamic response of current control were improved. Chi et al. [25] analysed a predictive model for linear induction machines in detail and proposed a simple voltage vector modulation method to select the optimal voltage vector without complex computations in. References [22] - [25] used different methods to reduce the number of voltage vectors to be predicted and estimated, which demonstrated superiority in reducing the computation burden. However, the computation load of DSP is still considerably when more than one voltage vector needs to be predicted and evaluated.
A key contribution of this study is the development of MPCC for surface-mounted permanent-magnet synchronous motors (SMPMSMs) based on the current locus. This control scheme greatly reduces the computation burden of DSP. In the proposed MPCC method, a novel reference frame based on the prediction of the current locus is established. The computation burden is low because only one zero-voltage vector must be predicted. In addition, according to the distance between reference current and origin point in the established reference frame, zero-voltage vectors are selected to reduce the torque ripple.
The remainder of this paper is organized as follows. Section 2 describes the theory of conventional MPCC. A novel MPCC for SMPMSMs based on current locus is presented in Section 3. The effectiveness of the proposed MPCC is verified in Section 4 by simulations and experiments. Conclusions and final remarks are provided in the last section.
II. CONVENTIONAL PREDICTIVE CURRENT CONTROL
The main objective of conventional MPCC is to force stator currents in the rotor or stator reference frame to track their reference values. This method requires one of the eight possible (v k (k = 0, 1,. . . ,7)) voltage vectors of a two-level voltage source inverter to be selected at fixed sample periods. Fig. 1 shows the voltage vectors of a two-level voltage source inverter in a stationary reference frame (α − β). These predicted current values are compared with their references in the cost function. The cost function is composed of the absolute error of the predicted stator current values, such as in the stator reference frame, resulting in
where i α and i β are the direct and quadrature components of the stator current in the stator reference frame, respectively. Superscript p represents the predicted values, and superscript * represents the reference values. The cost function must be calculated for each of the feasible switching states. The state that generates the minimum value will be chosen and applied during the next time interval. Therefore, DSP has a heavy computation load in the conventional MPCC algorithm, as all feasible voltage vectors must be predicted and evaluated by the cost function. The optimal voltage vector that can minimize the cost function will force the current locus tracking the reference currents. Different voltage vectors will force the current locus to go VOLUME 5, 2017 in different directions. Therefore, the cost function can be ignored if the direction of the current loci under different voltage vectors can be obtained, which will decrease the computation load considerably. A MPCC based on the current locus (MPCC-CL) in the stator reference frame is proposed in this paper.
III. PROPOSED PREDICTIVE CURRENT CONTROL BASED ON CURRENT LOCUS
This study proposes a novel MPCC-CL algorithm to reduce the computational burden of DSP. In the proposed method, only one zero-voltage vector must be predicted instead of all feasible voltage vectors, as in conventional MPCC. The selection of the switching state for every sample period is based on the direction of the current locus in a new reference frame established in this paper, which takes place of the cost function. This approach enables the computational load of DSP to be reduced considerably.
A. MATHEMATICAL MODEL OF PMSMS
The mathematical model of PMSMs can be described by a well-known set of complex equations in the stator reference frame:
where v α , v β denote the stator voltage vectors of the inverter; e α , e β denote the back electromotive force (EMF); λ f represents the amplitude of the permanent magnetic flux; R s is the stator resistance; L s is the stator inductance for the SMPMSM, as the d-and q-axis inductances are identical; and θ r , ω r are the electrical position and speed of the rotor, respectively. In digital implementation, (2) must be discretized to predict the currents at the (k + 1) instant for a given voltage vector. The derivative of the currents in the continuous-time model in (2) can be approximated based on the forward Euler approximation with a sampling period T s as follows:
Therefore, the currents at the (k + 1) instant can be estimated by
B. PREDICTION OF THE CURRENT LOCUS
A voltage vector is equal to itself when added by zero voltage vectors which can be described as:
Therefore, the mathematical model of SMPMSM can be rewritten as:
According to (7) , the variation of current locus ( i α (k +1), i β (k + 1)) can be changed not only by motor parameters but also by the applied active voltage vectors (v α (k), v β (k)), the back EMF (e α (k), e β (k)), and the instantaneous values of currents (i α (k), i β (k)).
( i α (k + 1), i β (k + 1)) can be divided into two parts:
where If ignoring the variation of L s andR s during one sample time, the amplitude of ( i αk (k + 1), i βk (k + 1)) is constant no matter which active voltage vector is applied according to (9) . However, the direction of ( i αk (k + 1), i βk (k + 1)) is just the same with the applied active voltage vectors.
For traditional MPCC, seven current loci and cost functions have to be calculated which is a heavy computational burden for DSP. In order to simplify the selection process of voltage vectors, a new reference frame α -β is established in this paper (shown in Fig.3) .
The transformation between the new reference frame α'-β and the stator reference frame α-β is as follows
where (i α (k + 1), i β (k + 1)) is the current locus in the reference frame α'-β'. According to (11) , when zero-voltage vector is applied for one sample period, the current locus in the reference frame α-β is coincidence with the coordinate origin of the reference frame α'-β . In the reference frame α'-β , the direction of current vector ( i αk (k + 1), i βk (k + 1)) is the same as applied active voltage vector. 
C. THE SELECTION OF THE OPTIMAL VOLTAGE VECTOR
The selection of optimal voltage vector can be divided into two parts. The first part is the selection of active voltage vectors, and second part is the selection of zero-voltage vectors.
1) THE SELECTION OF ACTIVE VOLTAGE VECTORS
The current reference values (i * α (k+1), i * β (k+1)) in reference frame α'-β can be calculated by (11) .
To simplify the selecting process of the optimal active voltage vectors, the reference frame α'-β is divided into six sections (θ (1)-θ (6)) shown in Fig. 4 . The active voltage vector, which has a direction similar to (i * α (k + 1), i * β (k + 1)), should be selected in the next sample period because the direction of the current locus is the same as the applied active voltage vector in the reference frame α'-β . For example, the active voltage vector V 6 (101) is the best choice if the reference current is located in θ (6) in Fig. 4 . 
2) THE SELECTION OF ZERO-VOLTAGE VECTORS
As everyone knows, the torque ripple can be reduced by the application of zero-voltage vectors for MPCC. If only active voltage vector is selected, the torque ripple in the proposed method will be higher than traditional MPCC. Therefore, the selection of zero-voltage vectors should be studied in the proposed method.
The output torque of SMPMSM can be calculated by (12) , and (13) is the Park transformation of currents.
The difference between the actual values of currents and the references can be calculated by (14) in the reference frame α-β.
If the actual values of currents are equal to the references, i s is equal to zero, and the output torque is equal to its reference value too. So the torque ripple will be eliminated. However, i s cannot be equal to zero for all the time since there are only finite states of the inverter. The torque ripple will be enlarged with the increasing of i s . Therefore, the voltage vector which can reduce torque ripple is the optimal voltage vector.
The difference between the actual values of currents and the references in the reference frame α'-β can be calculated by (15) . 
When (i
is at pointA, δ A0 is the distance between the point A and the coordinate origin of the reference frame α'-β , δ A1 is the distance between point A and (i α1 , i β1 ). Zero-voltage vectors will be the optimal voltage vector since point C, the active voltage vector V 1 will be the optimal voltage vector since δ C1 is smaller than δ C0 . When (i * α (k +1), i * β (k +1)) is at point B, the active voltage vector V 5 will be the optimal voltage vector in order to track the reference values.
Suppose that δ 0max is a constant value that can determine whether active or zero-voltage vectors should be selected. δ 0 is the distance between (i * α (k + 1), i * β (k + 1)) and the coordinate origin of the reference frame α'-β . If δ 0 is smaller than δ 0max , one zero-voltage vector should be selected to reduce the torque ripple. If δ 0 is larger than δ 0max , one active voltage vector should be selected to track the reference value. The value of δ 0max is crucial for torque ripple minimization. The torque ripple can be minimized but not as effectively with a small δ 0max because less zero-voltage vector can be selected. If δ 0max is overly large, the torque ripple cannot be minimized effectively too. When δ 0max is equal to zero, only active voltage vector can be selected as optimal voltage vector. More and more zero-voltage vectors will be selected with the increasing of δ 0max .
At point D in Fig. 5 , δ D0 can be seen as the optimal value of δ 0max since δ D0 is equal to δ D4. δ opt can be calculated by (16) .
Because there are two zero-voltage vectors for a two-level inverter, if the next voltage vector is selected as a zero-voltage vector, select the one producing fewer switching transitions. For example, if the applied vector is V 2 (110), then V 7 (111) should be selected.
D. ONE-STEP DELAY COMPENSATION
In digital implementation, there is typically a one-step delay between the selected and applied voltage vectors, which will deteriorate the performance of MPCC [27] . To compensate for this one-step delay in digital control, the variables at the (k + 2) instant should be used rather than those at the (k + 1) instant, which requires a two-step prediction. This study adopts a model-based current prediction. The stator currents at (k + 1) are first predicted according to (5) , which provides initial values for the state variables at (k + 2). 
E. PREDICTIVE CURRENT CONTROLLER OF SMPMSMS BASED ON THE CURRENT LOCUS
The scheme of proposed MPCC-CL is shown in Fig. 6 . According to MPCC-CL, only the current locus when one zero-voltage vector is employed must be calculated for the prediction instead of all seven vectors, which is computationally burdensome. Because the direction of the current locus under the active voltage vector in reference frame α'-β established in this paper is similar to the active voltage vector employed, the cost function, which may be difficult and complex to design when more objectives are considered, is cancelled for the selection of the optimal active voltage vectors. δ 0 should be calculated to determine whether zero-voltage vector is selected. Therefore, the computational burden of DSP can be reduced significantly. Table I shows the computational load of traditional MPCC and proposed MPCC-CL. Fig. 7 is the flowchart of the proposed MPCC-CL considering time delay compensation. First, the one-step delay is compensated by the prediction of i p α (k + 1) and i p β (k + 1) to ensure the MPCC performance. Second, the current locus (k + 2) under a zero-voltage vector is predicted as the origin of reference coordinate α'-β . Then, δ 0 is calculated. Finally, if δ 0 is smaller than δ opt , one zero-voltage vector is selected and applied to reduce the torque ripple; otherwise, the active voltage vector, which has a similar direction as the reference currents in reference frame α'-β , is selected and then applied in the next sample period. 
IV. SIMULATION RESULTS
In this section, the proposed MPCC-CL is simulated in MATLAB. The performances of the conventional MPCC and proposed MPCC-CL with different δ 0max are compared in detail. The control diagrams of the conventional MPCC and proposed MPCC-CL are shown in Figs. 2 and 6 , respectively, and the parameters of the machine and control system are provided in Table 2 .
During simulation, the dc-link voltage is 200V, the speed is 400rpm, and the sampling frequency is 20k. Fig. 9 . The torque ripple of traditional MPCC is 29Nm. When δ 0max equals to 5.32, the torque ripple of MPCC-CL is 23Nm which is lower than traditional MPCC. According to (16) and Table II, δ opt of the driven system used in this paper is equal to 5.32. In other words, when δ 0max is equal to δ opt , the proposed MPCC-CL exhibits much better steady-state performance in terms of torque ripples than traditional MPCC. The highest torque ripple is appeared when δ 0max is equal to 0. Hence, zerovoltage vectors must be selected and applied to reduce the torque ripple. With the increasing of δ 0max , the number of applied zero-voltage vector is also increased. However, in order to track the reference torque, the number of applied zero-voltage vectors will not increased too much when δ 0max is bigger than 8. Fig. 11 and Fig .12 show the phase currents and their FFT results of traditional MPCC and MPCC-CL. The current THD of traditional MPCC is 9.19% which is basically the same as proposed MPCC-CL when δ 0max equals to 5.32. The THD of current is 14.35%, 9.7%, and 10.32% for MPCC-CL when δ 0max is equal to 0, 5.32, and 11, respectively. The lowest current THD can be obtained when δ 0max is equal to δ opt .
A. EXPERIMENT
Apart from the simulation study, some experimental tests are also carried out on a two-level inverter-fed SMPMSM drive platform. The machine and control parameters are the same as those listed in Table II . VOLUME 5, 2017 The experimental setup includes an inverter, SMPMSM, and a load, as shown in Fig. 13 . A host PC is applied to send instructions and receive signals. The host PC is used to run the user interface (RS-232 connected) and the DSP development and debugger tools (JTAG connected). It is also used to connect with the CAN of DSP to collect the signals of the control variables and SMPMSM state variables, such as currents and speed.
During the experiment, the machine runs at 400 rpm and the sample frequency of the currents is set to 20 kHz, which is the same as in the simulation. The computation times of DSP of MPCC and MPCC-CL are 45.4µs and 31.7µs respectively. Therefore, the proposed MPCC-CL method can obviously reduce the computation time.
The steady-state performance of traditional MPCC and the proposed MPCC-CL methods is investigated shown in Fig.15 and Fig.15 . It is clearly seen that, when δ 0max equals to 5.32, the proposed MPCC-CL present the best steady state performance than other methods by exhibiting much lower torque ripples. These results confirm that the performance of proposed MPCC-CL is sensitive to the selecting of δ 0max .
V. CONCLUSION
This paper proposes a novel MPCC-CL for high performance control of PMSM drives. To reduce the computational burden of MPCC, this study established a new reference frame based on the prediction of the current locus when zero-voltage vectors are employed. The proposed approach requires only one zero-voltage vector to be predicted instead of all of the voltage vectors. The selection of the optimal voltage vector is based on the direction of the current locus in an established reference frame instead of a cost function, which is necessary and time consuming in conventional MPCC; this difference can reduce the computational burden of DSP considerably. By computing the distance between reference current and the origin of established reference frame, zero-voltage or active voltage vectors can be selected as optimal voltage vectors to minimize the torque ripple. The advantages of the proposed control method were verified via comprehensive experimental and simulation results. 
